Somatostatin has been widely used to suppress endogenous pancreatic hormone secretion in research studies. Many of these studies required the simultaneous infusion of a hormone together with somatostatin. A critical assumption for its use in metabolic investigation is that somatostatin has no effect on the action or clearance of a concomitantly infused hormone. To test whether clearance of an exogenously infused hormone is affected, we infused insulin with or without somatostatin in two sets of studies. Insulin (40 mU kg 1 • h 1 ) was infused for 100 min (n = 6). Plasma glucose levels fell to 55 ± 4.1 mg/dl with insulin alone and significantly lower, to 44 ± 1.9 mg/dl, when somatostatin (250 |ag h) was also infused (P < .01). Plasma immunoreactive insulin (IRI) rose to 57 ± 12.5 |xll/ml with insulin alone, which was significantly different from 88 ± 15 fxll/ml when insulin was infused together with somatostatin (P < .01). When a smaller dose of insulin (30 mU kg 1 h 1 ) was infused for 100 min (n = 4), similar results were observed. When somatostatin was infused together with insulin, plasma glucose fell to lower levels (41 ± 4.2 vs. 62 ± 9.5 mg/dl; P < .01) and plasma IRI rose higher (39 ± 8.5 vs. 27 ± 5.9 jxU/ml; P < .01) than when insulin was infused alone. C-peptide was equally suppressed by hypoglycemia regardless of whether somatostatin was administered, indicating suppression of endogenous insulin during these studies. We conclude that somatostatin infusion impairs the clearance of exogenous insulin. The resulting higher plasma IRI levels may contribute to the exaggerated hypoglycemia observed when somatostatin is infused with insulin. Impairment of clearance must be considered in the interpretation of metabolic studies where insulin and perhaps other
S
omatostatin is an endogenous peptide and neurotransmitter that has been used as a pharmacological tool in endocrine and metabolic studies (1, 2) . Its powerful inhibitory characteristics have been exploited to create transient deficiency states of one or more hormones. Somatostatin has been used in various clinical investigations, including glucose counterregulation during hypoglycemia (3) (4) (5) and glucose-clamping experiments to eliminate endogenous insulin secretion (6, 7) , and in establishing selective insulin or glucagon deficiency to study the metabolic action of these hormones (8) (9) (10) (11) (12) (13) (14) . In these studies, somatostatin was often infused together with other peptide hormones, such as insulin, glucagon, or growth hormone, to replace basal physiologic plasma concentrations of hormones where a deficiency state was not desired (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
We describe the effect of somatostatin on simultaneously infused exogenous insulin in normal human subjects. These studies were prompted by the unexpected finding in preliminary investigations that plasma immunoreactive insulin concentrations (IRI) were higher when insulin was infused with somatostatin than when insulin was infused alone.
MATERIALS AND METHODS
Human subjects. Healthy normal-weight volunteers were studied after obtaining informed consent. Ten subjects volunteered for a total of 20 studies. None had a history of disease, and subjects with first-degree family history of diabetes mellitus and women on oral contraceptives were not included. All studies were performed with approval of the institutional human subjects review committee. Protocols. All subjects were admitted after an overnight fast to a clinical-studies unit where they were rested, and catheters were inserted into antecubital veins in each arm. An infusion set was connected to one catheter, and the other was used for drawing blood samples. Another catheter was placed in retrograde fashion on the dorsum of the hand and heated with a heat lamp to arterialize venous blood for glucose measurements. Oxygen saturation was maintained >90% by this technique. Subjects rested for 60 min before initiating the studies. During infusion experiments, insulin and somatostatin were infused separately via two infusion pumps (IVAC) set at an infusion rate of 1 ml/min. Regular porcine insulin (Actrapid, Novo, Bagsvaerd, Denmark) was infused for 100 min at the rate of 40 mU • kg~1 • hr 1 in six subjects (protocol A) or 30 mU • kg" 1 • h~1 in four subjects (protocol B) after obtaining baseline samples over 20 min. The subjects were also studied with the same insulin infusion rates with the addition of somatostatin (Stilamin, Serono, Milan, Italy) at a rate of 250 |xg/h. Each pair of studies, in which insulin was infused with or without somatostatin over 100 min, was performed in randomized fashion >1 wk apart. Blood samples were drawn at 10-to 20-min intervals throughout the study. Sample processing and analysis. Heparinized blood samples were immediately processed by centrifugation, and plasma glucose levels were determined with a Beckman glucose analyzer (Fullerton, CA). Plasma was frozen at -20°C until subsequent radioimmunoassay. C-peptide was measured with a radioimmunoassay kit distributed by Novo. Plasma insulin immunoreactivity was measured by radioimmunoassay with human insulin standards and polyethylene glycol for separation of bound and free ligand. Somatostatin at a concentration of 1 |xg/ml did not cross-react in the insulin or C-peptide assays. Statistics. Data were analyzed with the two-tailed Student's t test for paired samples. Data are presented as means ± SE.
RESULTS
Infusion of insulin at the rate of 40 mU • kg~1 • hr 1 resulted in a fall of plasma glucose from 86 ± 3.0 to 55 ± 4.1 mg/dl at 60 min, which was maintained through 100 min (Fig. 1) . This was associated with a rise in plasma insulin concentration from 16 ± 4.1 to 52 ± 12.9 uXI/ml at 20 min, with a further small rise to 57 ± 12.5 uAJ/ml at 60 min. This level remained constant until 100 min.
When insulin was infused with somatostatin, plasma glucose fell to considerably lower levels, from 88 ± 2.0 to 44 ± 1.9 mg/dl at 60 min, remaining at this level until the end of the infusion (Fig. 1 ). Subjects were more symptomatic at this plasma glucose level. Plasma insulin concentrations rose from 16 ± 4.0 to 67 ± 17 fiU/ml at 20 min and still further to 88 ± 15 |xU/ml at 50-100 min. These levels were consistently and significantly higher than those observed with insulin infusion alone.
When insulin was infused at the rate of 30 mU/kg~1 • h~\ plasma glucose fell from 85 ± 3.4 to 62 ± 9.5 mg/dl with 100-1 (Fig. 2) . Plasma insulin rose from 10 ± 2.2 to 39 ± 8.5 |xU/ml when somatostatin was added (Fig. 2) , which was significantly different from 27 ± 5.9 |xU/ml when insulin alone was infused.
Plasma C-peptide concentrations were measured in three pairs of studies (2 from protocol A and 1 from B) to determine whether differences in suppressibility of endogenous insulin secretion had occurred during hypoglycemia with insulin alone or when somatostatin was also present. Table 1 demonstrates, as expected, that plasma C-peptide concentrations are equally well suppressed by insulin-induced hypoglycemia with or without somatostatin.
DISCUSSION
These studies demonstrate that somatostatin infused together with insulin into normal human subjects causes higher steady-state concentrations of plasma IRI than when insulin is infused alone. Under these conditions endogenous insulin secretion, as reflected by measurement of C-peptide concentrations, is completely (and equally) suppressed with or without somatostatin. Therefore, the differences in IRI concentration when somatostatin is added are best explained by altered clearance of the exogenously infused insulin. Our data suggest that somatostatin reduces clearance of infused insulin by -25%. It is surprising that this phenomenon was not previously reported, considering the numerous studies performed with somatostatin. However, three of the studies compared the effect of somatostatin plus hormone with that of infusion of the hormone alone. Gerich et al. (3) injected a bolus of insulin and measured its levels 15 and 30 min later. No difference in plasma IRI was observed when insulin and insulin plus somatostatin administration were compared. However, plasma IRI was measured at only two time points in a non-steady-state situation in which rapid changes in the plasma insulin level were taking place. Thus, variability between subjects may have hidden any obvious differences. On the other hand, and in indirect support of our findings, when the same investigators infused glucagon to reach steady-state plasma levels in the presence of somatostatin, they found an unexpected 22% elevation of the plasma glucagon concentrations above the anticipated level (4) . This observation may indicate that clearance of glucagon was also impaired during somatostatin infusion. Note that this effect was observed when, like in our studies with insulin, glucagon was infused to produce steady-state plasma levels with multiple plasma measurements. Also, the increase in glucagon concentrations was quantitatively similar to our observations with insulin.
Another recent and thoroughly executed study with insulin and somatostatin infusion supports our findings and illustrates how delayed clearance of exogenous insulin may be overlooked (16). The study differed from ours because the investigators maintained euglycemia with the glucose-clamp technique. Euglycemia had the effect of maintaining endogenous insulin secretion during infusion of insulin alone while allowing complete suppression of (3-cell function when somatostatin was added. This effect on endogenous insulin secretion was demonstrated by measuring C-peptide levels throughout their study. As in our study, consistently higher plasma IRI concentrations were observed in the group where somatostatin and insulin were infused than in the group that received insulin alone. This difference was not statistically significant. However, if the contribution of endogenous insulin secretion in the insulin-infused group is corrected by subtracting basal plasma IRI levels, the plasma concentrations of exogenously infused insulin can be approximated. With this rough correction, we estimate the difference in steady-state IRI concentrations between the two groups (insulin alone vs. somatostatin and insulin) to be 18-25%. This estimate is very close to our own findings, where plasma IRI concentrations reflect exogenous insulin only, because hypoglycemia completely suppressed C-peptide secretion in both groups.
The reason for the reduced clearance of exogenous insulin is not clear. One possible explanation relates to the effects of somatostatin to reduce hepatic portal and renal blood flow, thus diminishing access of the infused hormone to its primary sites of degradation (17).
Our findings call for greater caution in the interpretation of data derived from studies in which somatostatin is infused together with other peptide hormones. The plasma glucose responses to infused insulin in our studies are a good example. A greater decrease in plasma glucose occurred when insulin infusion was accompanied by somatostatin. The excessive fall in plasma glucose in response to the same insulin dose has been assumed to be the result of the glucagon deficiency induced by somatostatin (3, 4, 8, 9) . Furthermore, it would be logical to conclude that other counterregulatory mechanisms, such as epinephrine secretion, were insufficient to compensate fully in the absence of glucagon (3, 4) . However, our studies indicate that in addition to these explanations, higher IRI levels in the somatostatininfused subjects must also be considered a cause for the greater degree of hypoglycemia. Elevated circulating insulin may also explain why the other counterregulatory processes appear to be ineffective in maintaining glucose homeostasis in the absence of glucagon. These findings may also be of importance in other areas of endocrinological investigation where somatostatin is infused with a hormone.
This effect of somatostatin may have therapeutic implications as well. It is unclear if somatostatin analogues have the same effect as native somatostatin on insulin clearance. However, because the possibility exists, clinical situations in which somatostatin analogues and insulin therapy are used together will require careful monitoring for a possible decrease in insulin requirements associated with diminished clearance. This might be of importance in patients with acromegaly who are increasingly being treated with somatostatin analogues (18) and who may also be on insulin therapy for diabetes mellitus secondary to their acromegaly.
